Although the association between odor concentration and olfactory event-related potential (OERP) has been studied, less is known about the influence of airflow on OERP. The aim of this study was to investigate the influence of airflow rate and stimulus concentration on OERP in humans. Electroencephalogram data were collected from young healthy volunteers (n = 17) in separate sessions where 2-phenylethanol (PEA) was delivered in the following conditions: 8 L/min 50% v/v, 8 L/min 30% v/v, 4 L/min 100% v/v, and 4 L/min 60%v/v. Odor concentrations are referred to the %v/v achieved with air dilution and was not measured in the nose. Odor intensity ratings were recorded immediately after stimulus presentation. Data recorded at 5 electrodes (Fz, Cz, Pz, C3, and C4) were pooled and analyzed using both time-domain averaging and single-trial time-frequency domain approaches. Higher airflow rate significantly increased intensity ratings (F = 10.98, P < 0.01), and improved the signal-to-noise-ratio (F = 5.42, P = 0.025). Results from time-frequency analysis showed higher concentration versus lower concentration increased brain oscillations in the slow frequency band (1-3 Hz) at 0-600 ms; while higher airflow rates versus lower airflow rate increased theta-band oscillations (300-600 ms and 5-9 Hz) and decreased delta-band oscillations at 900-1500 ms after stimulus onset. In conclusion, compared to stimulus concentration, airflow rate was associated with improved OERP quality and more pronounced responses. The results suggest that intensity ratings and OERP are strongly related to the steepness of stimulus onset. High airflow rates are suggested for odor delivery in order to record OERP.
Introduction
Olfactory event-related potentials (OERP) have become an important tool in olfactory research and in the diagnosis of olfactory disorders (Lundström et al. 2006b; Hummel et al. 2007a; Rombaux et al. 2012) . The technique has a high temporal resolution and the latencies of certain ERP components (peaks) are thought to be directly related to brain activation, which is time-locked to the onset of stimulus (Kok 1997) , while the amplitude of these components (peaks) represents the degree of the activation (Krauel et al. 1998; Hummel and Kobal 2001; Welge-Lussen et al. 2009 ). For OERP, the first positive peak (P1), and the following major negative peak (N1) are thought to mainly depend on the stimulus characteristics (exogenous components) such as quality and intensity. The later positive peaks (e.g. P2 and P3) are regarded as more endogenously or psychologically determined, e.g. familiarity or pleasantness; they are strongly influenced by the cognitive processing of the stimulus (Pause and Krauel 2000; Lundström et al. 2006a) .
Constant flow olfactometers are preferred for delivery of odorants (Kobal 1981) as they allow to embed odor pulses within a constant airflow which enables the investigation of the specific brain response related to chemosensory stimuli, while avoiding concomitant mechanical stimulation of the nasal mucosa . Odorant molecules are transported to the olfactory epithelium with the airflow, therefore it is expected that OERP depend on the number of odorous molecules presented, which is determined by both odor concentration and airflow rate. A steep gradient of the olfactory stimuli can be created by either increase of the concentration or increase of the airflow rate. Several early studies have shown relevant findings. For example, a study of 15 subjects reported increased amplitudes and shortened latencies with increasing vanillin concentrations, and those effects were observed for both early and late components of the OERP (Tateyama et al. 1998) . Another study using linalool showed a shortened latency of the N1 peak as a result of increased odor concentration (Pause et al. 1997) . In addition, similar findings were observed using H 2 S. With higher concentrations H 2 S was associated with larger amplitudes and shorter latencies of P2, as well as shorter latencies of N1 (Hummel et al. 1998b; Stuck et al. 2006) . Regarding the influence of airflow rate, an early study from Kobal (1981) tested healthy subjects using eucalyptol and linalool stimulation (2 mixed olfactory-trigeminal stimuli) with the airflow ranging between 0.3 and 16.6 L/min. Results showed that both amplitudes and latencies varied as a function of airflow. In fact, by applying a constant airflow, the stimulus "concentration" in these studies refers to the amount of odor molecules delivered to the olfactory epithelium at a given stimulus duration and vice versa, when the same concentrations of odor were delivered with different airflow rate, the variable was also the amount of odor molecules delivered per time unit. Thus, although not done in practice, any observed effect caused by different concentrations of odors could also be described as the effect of the total amount of odor molecules per unit of time. However, little research has been done to study the effect of the 2 factors (airflow rate and stimulus concentration) in one single study on human OERP responses. The current study was designed to investigate this question.
It is well-known that brief sensory stimuli can modulate transiently the magnitude of the spontaneous oscillatory activity of the human electroencephalogram (EEG). These modulations may appear either as a transient increase (event-related synchronization, ERS) or as a transient decrease (event-related desynchronization, ERD) of power. These neural oscillations represent important mechanisms for interneuron communication and binding of information that is processed in distributed brain regions (Buzsaki and Draguhn 2004; Roach and Mathalon 2008) . Therefore, it is of importance to characterize those oscillations. OERP often exhibit a relatively low signal-to-noise ratio (SNR) (Lotsch and Hummel 2006; Boesveldt et al. 2007 ). The time-domain acrosstrial averaging method, which has been adopted in many studies of chemosensory ERP, cancels out changes in the EEG signals that are not time-or phase-locked to the stimulus. In order to increase the SNR of the OERP and to be able to detect the EEG oscillations, several studies adopted an alternative analytical approach to investigate OERP, which relies on a time-frequency decomposition of single-trial EEG epochs, using the continuous wavelet function of time and frequency, regardless of phase. For example, Huart et al. (2012) reported that the SNR of OERP was markedly improved with time-frequency analyses. The technique was also applied in clinical settings where patients with olfactory loss and mild cognitive impairment were distinguished from healthy controls by their OERP time-frequency activation patterns (Huart et al. 2013; Huart et al. 2015) . The olfactory stimuli in these studies were consistent [2-phenylethanol (50% v/v), airflow 8 L/min]. However, it is not known how the alteration in odor concentration or the airflow rate would affect the time-frequency activity patterns, and also the interactive effect between those 2 factors. Accordingly, in the current study, we aimed to study the separate and interactive influence of odor concentration and air flow rate on OERP in healthy subjects.
Overall, the current study was to investigate the separate and interactive effect of olfactory stimulus concentration and airflow rate on OERPs. In addition, by applying both time-domain averaging and time-frequency analysis methods, we intended to characterize both phase-locked EPRs and nonphase-locked brain oscillations induced by olfactory stimulation.
Material and methods

Participants
A total of 17 subjects (4 females) participated in the study (mean age 29 ± 4 years, range 22-36 years). Participants were recruited among students and staff of the university. After explaining the study procedures to the participants, written informed consent was obtained from all participants. The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the local Ethics board of the Charité Berlin. All subjects received a standardized "Sniffin' Sticks" test to ascertain normal olfactory function (Hummel et al. 2007b ).
Stimuli
2-Phenylethanol (PEA, Sigma, Deisenhofen, Germany) was used as the stimulus to specifically activate the olfactory system with little or no concomitant trigeminal activation. A computer-controlled constantflow olfactometer (type: OM2s; Burghart, Wedel, Germany) was used for odor delivery. In order to answer our research questions, a 2 by 2 repeated measure design was applied. In total, 4 concentrations of odors were prepared and 2 concentrations (50% v/v and 30% v/v) were delivered with an 8 L/min continuous airflow and 2 other concentrations (100% v/v and 60% v/v) were delivered with a 4 L/min continuous airflow. The concentrations (60% v/v, 50%v/v, and 30% v/v) were achieved by air dilution within the olfactometer. Therefore, the concentration represents the volume of airflow in percent of the total airflow carrying odor molecules. The concentrations were not measured inside the nose. Further statements about odor concentrations in this manuscript refer to %v/v of odorized air within the total airflow. The odor concentrations in %v/v were selected to double while the airflow rate was decreased by 50%. To avoid odor habituation effects, odors were delivered for 200 ms duration with an average inter-stimulus interval of 15 s (randomized range of interval between 13 and 17s). Hereafter the following abbreviations will be used representing the 4 conditions: 8L-50%, 8L-30%, 4L-100%, and 4L-60%.
Procedure
The experiment was conducted in 2 sessions and each session lasted approximately 1 h. A total of 240 stimuli were presented to the subject monorhinally resulting in 60 stimuli in each of the 4 conditions. The side of stimulation as well as the order of the conditions was randomized across all subjects. Subjects were seated in a comfortable chair for measuring OERPs and were instructed to breathe through their mouth. During the measurements, subjects were asked to play a computer game, in which they had to keep the cursor of the computer mouse in a moving square on a computer screen. This ensured their attention and prevented EEG artifacts due to fast eye movements or blinking. Subjects were shielded from environmental sounds by applying white noise through headphones (approximately 50 dB SPL). After each stimulus presentation subjects were instructed to rate the odor stimulus intensity on a 100-unit visual analogue scale (0 = no perception; to 100 = extremely strong).
EEG recording
The EEG was recorded at a 250 Hz sampling rate (8-channel EEG system; S.I.R., Röttenbach, Germany) from 5 positions (Cz, Fz, C3, C4, Pz) according to the International 10-20 system, referenced against linked earlobes (A1 + A2) (bandpass 0.1-30 Hz). Vertical eye movements were registered from position Fp2.
EEG data time-domain analysis
Preprocessing and analysis of EEG data were carried out using the Letswave toolbox (http://nocions.webnode.com/letswave) embedded in Matlab (MathWorks). The EEG recordings were segmented into 2 s epochs ranging from −0.5 to +1.5 s relative to stimulus onset, and were additionally filtered off-line using a band-pass filter of 1-20 Hz. After baseline correction (reference interval −0.5 to 0 s), the epochs containing artifacts (e.g., eye blinks at electrode Fp2 exceeding −50/50 µV) were manually removed. This criterion is commonly used in the recording and analysis of OERP (Lotsch and Hummel 2006) .
For each condition and single subject, the artifact-free recordings were first averaged to get a single-subject mean wave. The peak and latency of the OERP components P1, N1, and P2 were then manually measured at an individual level, based on the following criteria: the largest negative peak between 200 and 700 ms was considered as N1, and the P2 peak was measured between 300 and 800 ms (Hummel et al. 2000) . In addition, the peak-to-peak amplitude N1-P2 and SNR was calculated. SNR was calculated by dividing N1-P2 peak-to-peak amplitude by the average of the 2 largest peak-to-peak amplitudes of waves within the 500 ms preceding the stimulus. To reduce variance, the parameters (amplitudes, latencies) were then averaged across electrodes and these averaged values were used for further statistical analysis.
EEG data time-frequency analysis
To obtain a time-frequency representation of both phase-locked and nonphase-locked EEG responses to olfactory stimulation, a time-frequency representation of each single EEG epoch was obtained using the continuous Morlet wavelet transform (CWT) to characterize the amplitude of oscillatory activity as a function of time and frequency ). This yields for each single trial a complex timefrequency spectral estimate F(t, f) at each point (t, f) of the time-frequency plane extending from −500 to 1500 ms in the time domain, and from 1 to 20 Hz (in steps of 0.2 Hz) in the frequency domain. For each subject and stimulus type, single-trial TF maps expressing signal amplitude were then averaged across trials and electrodes. Because this approach yields a TF map of the average oscillation amplitude regardless of phase, it enhanced both phase-locked (i.e. ERP) and nonphase-locked (i.e. ERD, ERS, and ERP are significantly affected by temporal jitter) stimulus-induced changes in EEG oscillation amplitude. For each estimated frequency, CWT-SINGLE TF maps were expressed relative to baseline (prestimulus interval ranging from −0.4 to −0.1 s relative to stimulus onset to avoid edge effects when performing CWT), as follows:
where A t,f is the signal amplitude at a given latency t and frequency f, and R f is the signal amplitude at the frequency f, averaged within the prestimulus reference interval.
Point-by-point time-frequency statistical analysis
We adopted a data-driven analysis protocol to define the regions of interest (ROI). A point-by-point 2-way repeated-measures ANOVA, combined with nonparametric permutation testing (Maris and Oostenveld 2007) was used to assess the effects of airflow rate, odor concentration, and airflow rate × odor concentration interaction on the stimulus-induced modulations of EEG power (ER%), and to define the significant ROIs within the time-frequency spectrograms at the pooled EEG channel. Each point (t, f) of the ER% time-frequency maps was compared using a 2-way repeated-measures ANOVA, with "airflow rate" (2 levels: 8 and 4 L/min) and "stimulus concentration" (2 levels: 400 and 240, which indicate the amount of molecule delivered per time unit) as factors. For every participant, we randomly permutated 1000 times the time-frequency representations of the 4 conditions ([8 L/min, 4 L/min] [400, 240]) with cluster threshold set at 3, and P value at 0.05. This yielded 3 time-frequency maps of F values, highlighting the regions that represent (1) the main effect of airflow rate, (2) the main effect of odor concentration, and (3) the interaction between the 2 factors. These statistical maps were then used to define the regions of interest (ROI) for further analysis. The latency of the maximum point and the mean response power of all time-frequency points within the ROIs for each participant were extracted for the 4 conditions and the obtained values were used for further statistical analysis.
Statistical analyses
Group-level statistical analyses were performed using SPSS 21.0 (SPSS Inc). All data were presented as mean ± SD. Intensity ratings for the stimulus were averaged per individual subject and were compared between experimental conditions using one-way ANOVA. For the time-domain analysis, the generalized linear mixed model in SPSS was applied to test the effect of airflow rate, stimulus concentration, and the interactive effect between airflow rate and stimulus concentration on the peak latency and amplitude of OERP components (P1, N1, and P2). For the time-frequency data, 2-way repeated-measures ANOVAs were performed for the extracted maximum latency and the mean power, with stimulus concentration (2 levels) and airflow rate (2 levels) as factors. When significant, pair-wise post hoc t-tests were performed using Bonferonni correction for multiple comparisons. The significance level was set at P < 0.05.
Results
Psychophysical results
The "Sniffin' Sticks" test score indicated that study participants had a normal sense of smell: odor threshold score (T): 8.4 ± 2.0, odor discrimination score (D): 13.8 ± 3.9; and odor identification score (I): 14.7 ± 0.7, combined TDI score: 36.8 ± 7.5 (range from 32 to 40.75). There was a significant effect of airflow rate on odor intensity ratings, with higher airflow rate leading to stronger odor intensity perception (F = 10.98, P < 0.01) (Figure 1a) . Neither an effect of odor concentration (F = 3.11, P = 0.08) nor an interactive effect between the 2 factors (F = 0.19, P = 0.66) was observed regarding odor intensity ratings.
Time-domain ERPs
After artifact rejection the mean number of records in all conditions was 28.6 ± 11.4. There was no significant difference in the number of records between the 4 stimulus conditions (F = 0.56, P = 0.64). The detection rate of OERP in the experimental conditions were 82% for 8L-50% condition, 71% for 8L-30% condition, 65% for 4L-100% condition, and 53% for 4L-60% condition. Although the average detection rate differed largely between the 4 conditions, these differences did not reach statistical significance (χ 2 = 3.50, P = 0.32). Odor flow rate had a significant effect on the SNR, with higher airflow rate significantly increasing the SNR (F = 5.42, P = 0.025, Figure 1b) . Figure 1c and d shows the averaged OERP waves for 4 conditions in one graph and the average OERP for the 4 conditions separately with standard deviation. Table 1 summarizes the latency time and amplitude of the OERP components P1, N1, and P2 in the 4 different experimental conditions. There was no observed significant effect from airflow rate, stimulus concentration, or their interaction on the peak amplitudes and latencies of the ERP components.
Time-frequency analysis results
Time-frequency map showing the effect of airflow rate and stimulus concentration, as well as the interactive effect of airflow rate and stimulus concentration is shown in Figure 2 . One ROI for the main effect of concentration (ROI1: 0-600 ms and 1-3 Hz) and 2 ROIs were observed for the main effect of airflow rate (ROI2: 300-600 ms and 5-9 Hz; ROI3 950-1500 ms and 1-3 Hz). There was no significant cluster observed for the interactive effect. The extracted peak latency and averaged power of each ROI were shown in Table 2 . Higher stimulus concentration resulted in larger signal power in ROI1 (F = 5.30, P = 0.025) as compared to lower stimulus concentration. In addition, compared to low airflow rate conditions, high airflow rate resulted in significantly larger signal power in ROI2 (F = 6.30, P = 0.015) and smaller signal power in ROI3 (F = 4.29, P = 0.042).
Discussion
The present study investigated the effects of airflow rate, stimulus concentration, and the interactive effect between airflow and stimulus concentration on perceived odor intensity and olfactory electrophysiological responses. The stimulus concentration in this study was defined as the amount of odor molecules delivered during certain time duration and was comparable to the definitions in previous studies investigating the effect of stimulus concentration. Overall, the absolute values of latencies and amplitudes of the OERP components from this study are comparable with a previous study with similar stimulus conditions and methods of analysis (Schriever et al. 2015) , indicating a good reliability of the test.
Effect of stimulus concentration
There was no significant effect of stimulus concentration on the OERP components. Previous studies reported that higher stimulus concentration increased the amplitudes of early OERP components (Hummel et al. 1998a; Tateyama et al. 1998) , and shortened their peak latencies (Pause et al. 1997; Hummel et al. 1998a; Tateyama et al. 1998) . One explanation would be the relatively low detection rate of ERP components for conditions using a lower airflow rate (4 L/ min). In addition, the presently used sample size was relatively low.
In the time-frequency domain, signal power in one cluster of the delta frequency band (0-600 ms and 1-3 Hz) was identified reflecting the effect of stimulus concentration. A recent study using PEA (50% v/v, airflow 8 L/min) as stimuli reported similar activities in the low frequency band (<2 Hz) (Huart et al. 2015) . While the underlying mechanisms are not known, it has been suggested that oscillations in the low frequency (delta band, 1-4 Hz) are implicated in attention and salience detection (Owen and Patterson 2002; Knyazev 2012) . Previous studies found that the pleasantness of odor was influenced by odor concentration (Henion 1971; Rouby et al. 2009) , and this effect was also reflected in different ERP P300 amplitudes (Sano et al. 2002) . Thus, we speculate that the stimulus concentration in the current study may affect the EEG power through alteration in the salience of the odorants (Wang et al. 2002) . However, the hedonic value of the stimulus was not measured in the current study and future research is needed to address this hypothesis. In addition, increased intensity ratings were found when odors were delivered at higher concentrations (Tateyama et al. 1998 ). The intensity ratings were not significantly affected by stimulus concentration (P = 0.08); accordingly, it may be hypothesized that the concentration changes of odor stimulation could be better picked up by EEG than by intensity ratings.
Effect of airflow rate
An improvement in SNR was observed with increased airflow rate, suggesting that a higher airflow rate (8 L/min) may improve the overall OERP quality compared to the odor delivered at a lower airflow rate (4 L/min). In the time-frequency domain, a long-lasting increase in the delta-frequency band was identified representing the effect of airflow rate (950-1500 ms and 1-3 Hz). Given that this response was around 1000 ms of the stimulus onset, cognitive processing of the stimulus maybe strongly involved (Basar et al. 2001) . However, the psychophysical or cognitive relevance of this activation after olfactory stimulation is not known. One possibility might be that the airflow influences stimulus quality and, accordingly, also is familiarity (Sobel et al. 1999 ) which would then be also reflected in the very late components of the ERP.
In addition, the airflow rate had a significant effect on the oscillations in the Theta-frequency band (300-600 ms and 5-9 Hz). Using the same single-trial time-frequency analytical method, Huart et al. (2012) reported similar theta oscillations (300-1000 ms and 3-7 Hz) in response to olfactory stimuli, and suggested that these responses reflected the stimulus-evoked cortical activity. Similarly, OERP occur in the time window of 300-400 ms in EEG and intracranial EEG studies (Lorig 2000) , and odor-induced human olfactory epithelium negative potential occurred within 500 ms after stimulus onset (Lapid et al. 2011) , which is comparable to the theta-frequency ROI found in the current study. It has recently been suggested that the Theta oscillations 110-518 ms after onset of odor stimuli also convey the odor-specific content processed in the human piriform cortex, that serves as a distinct electrophysiological signature of olfactory processing (Jiang et al. 2017) . Subjects in the current study perceived the odor as more intense as the airflow rate increased, therefore, these oscillations may reflect the intensity perception of the stimulus, which was also suggested by Jiang et al. (2017) . On the other hand, this may be interpreted such that the steepness of stimulus onset (related to airflow rate) also determines the better perception of the odor. For example, Jiang et al. (2017) suggested the theta oscillation in the piriform cortex may related to better assembling and coding the odor information under noisy environments. The higher signal-to-noise ratio found with higher airflow rate seems to support this assumption. In addition, the magnitude of theta oscillations effectively discriminated between the presence versus absence of an olfactory response Jiang et al. 2017 ). Thus, the findings from the current study may also suggest the usefulness of a higher airflow rate in clinical tests for diagnostic purposes (e.g. discrimination between normosmia and anosmia). The effect of airflow rate on brain oscillation at the frequency of the theta rhythm may also shed some light on the function of sniffing (Kepecs et al. 2006) . Sniffing increases the speed of airflow inside the nasal cavity. Consequently, odors are presented at a steeper onset to the olfactory epithelium as had been shown by intranasal measurements in the olfactory cleft (Beauchamp et al. 2014 ). Thus, sniffing may be helpful in the perception of odors such that odorous stimuli are presented with a steep onset to the olfactory epithelium (Mozell et al. 1991) . Consequently, the higher airflow rate may help to better detect the odors presented with a short stimulus duration (Sobel et al. 2000) , and may also be beneficial for better processing of olfactory information possibly because more olfactory receptor neurons are activated simultaneously.
Unlike the effect of airflow rate on ROI3 (950-1500 ms and 1-3 Hz), high airflow rate (8 versus 4 L/min) resulted in an increased power within this ROI2 (300-600 ms and 5-9 Hz). Therefore, the effect of airflow rate may influence the neural processing of olfactory-related information in different ways in different frequency band. Given the late occurrence after stimulus onset, this response is likely to be related to cognitive olfactory processing (e.g. associative learning). However, it has been suggested impossible to assign a single function to a given type of oscillatory activity; different oscillations seem to have multifold functions and may act as universal operators or codes (Basar et al. 1999 (Basar et al. , 2001 . With the design of the current experiment, any interpretation of the functional meaning of time-frequency activation should be cautious.
Limitations
Limitations of the current study should be noted. First, the absolute odor concentration in the dynamic experimental conditions was not determined, although the stimuli themselves were highly controlled by the relatively sophisticated olfactometer used (Beauchamp et al. 2010) . Second, the sample size was small and the low detection rate of OERP in certain conditions may affect the power of the time-domain OERP analysis. In addition, the precise onset of the odor (e.g. the steepness of the stimulus at the olfactory epithelium of the nasal cavity) and how that directly relates to the changes in airflow can only be estimated. The number of trials used for analysis after artifact rejection seems low (average trials number 28.6 out of 60) but Covington et al. (1996) reported that a number of artifact free trials<20 may be sufficient to produce reliable OERPs and Hummel and colleagues describe even a number of 8-10 artifact free trials to be enough to obtain an OERP (Hummel et al. 2000) . Finally, the electrodes were pooled for analysis in the study as no hypothesis was made for response locations however, information may be missing and results may be affected by dipole change between recording positions.
Conclusion
In summary, results from the current study showed that airflow rate and stimulus concentrations influence the cortical activation during both early and late stages of odor processing. The higher airflow rate, compared to the higher stimulus concentration, was more effective in improving the quality of OERP signals in terms of the SNR. This approach should be useful in the clinical diagnosis of olfactory dysfunction where the SNR is typically low. In addition, since ERS and ERD reflect the neural processing of odorous information, the timefrequency analysis seems to be useful in the future to better understand neuronal processing of chemosensory information.
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